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Abstract
The effects of mutation of residue Ala-128 of the b subunit of Escherichia coli ATP synthase to aspartate on the structure
of the subunit and its interaction with the F1 sector were analyzed. Determination of solution molecular weights by
sedimentation equilibrium ultracentrifugation revealed that the A128D mutation had little effect on dimerization in the
soluble b construct, b34ÿ156. However, the mutation caused a structural perturbation detected through both a 12% reduction
in the sedimentation coefficient and also a reduced tendency to form intersubunit disulfide bonds between cysteine residues
inserted at position 132. Unlike the wild-type sequence, the A128D mutant was unable to interact with F1-ATPase. These
results indicate that the A128D mutation caused a structural change in the C-terminal region of the protein, preventing the
binding to F1 but having little or no effect on the dimeric nature of b. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
ATP synthase converts the energy of the trans-
membrane proton gradient produced through respi-
ration or light-driven electron £ow into a chemical
form, ATP, that the cell can use to drive energy-de-
pendent processes and reactions. Although minor
di¡erences exist between the ATP synthase com-
plexes of bacteria, chloroplasts, and mitochondria,
the core subunits are well conserved, and the essen-
tial features of the reaction are expected to be highly
similar in all cases. The enzyme can be physically
divided into a membrane-integral F0 sector, which
conducts protons across the membrane, and a pe-
ripheral F1 sector which catalyzes the synthesis and
hydrolysis of ATP. The high resolution structures of
most of F1 [1] and parts of F0 [2,3] are leading to-
ward a detailed understanding of the mechanisms of
catalysis and coupling. A number of reviews of ATP
synthase structure and function have appeared re-
cently [4^7].
A critical feature of ATP synthase function, and
the subject of much research, is the mechanism by
which proton movements are coupled to ATP syn-
thesis or hydrolysis. Electronmicroscopic images of
the complex reveal a central stalk connecting F0 to
the major globular mass of F1. This central stalk has
been shown to be composed of the Q and O subunits
in the prototypical Escherichia coli enzyme. Im-
proved image processing techniques have recently al-
lowed resolution of an additional stalk at the periph-
ery of the complex [8^11]. For the E. coli enzyme,
this second stalk is made of the two b subunits of F0
and the single N subunit of F1 [12]. Currently, the
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most widely accepted model of coupling is that the
rotation of QO, which is driven by proton £ow
through F0, causes conformational changes in the
catalytic L subunits, simultaneously driving the re-
lease of product ATP from one site and the binding
of substrate ADP to another site [13]. The second
stalk is suggested to serve as a stator, preventing
the remainder of F1 from rotating with QO. Elasticity
within b2N may serve to transiently store energy, and
to absorb a portion of the stress exerted on F1 by the
rotation of QO [14]. Linkage of b and N through an
engineered disul¢de bridge has no inhibitory e¡ect
on the enzyme, consistent with a stator function [15].
Based on the recent localization of N at the apex of
F1 by immunoelectronmicroscopy [10], it is evident
that the distance from the membrane to the top of F1
must be spanned largely by the two b subunits. Our
analyses of hydrodynamic behavior and binding
properties of the cytoplasmic region of b have re-
vealed a highly elongated dimer capable of binding
N [16^18]. Based on the e¡ects of deletions and trun-
cations of b, division of the polypeptide into four
domains has been suggested [19], as shown in Fig.
1. Both cross-linking and truncation analyses have
shown the C-terminal region of b to be essential
for binding N and interaction with F1 [18]. Sedimen-
tation analyses of N-terminal deletions and C-termi-
nal truncations have shown that the region essential
for dimerization is between residues 53 and 122 [19].
The structure of the N-terminal transmembrane re-
gion has been determined by nuclear magnetic reso-
nance spectroscopy [20]. Finally, the region between
the membrane surface and the dimerization domain
has been denoted the tether domain. This region in-
cludes a functionally important, conserved residue,
Arg-36, located adjacent to the a subunit of F0
[21,22]. Surprisingly, up to 11 residues can be deleted
or inserted into some parts of this domain without
complete loss of oxidative phosphorylation [23,24].
Mutation of residue bAla-128 to aspartate has
been shown to cause defective assembly of the en-
zyme, and the expressed cytoplasmic domain of b
carrying the A128D mutation has been reported to
exist in solution as a monomer [25]. Since this residue
lies outside the region we proposed as the dimeriza-
tion domain, in the present report we describe a re-
examination of the e¡ect of this point mutation on
the structure of b and its interaction with F1.
2. Materials and methods
2.1. Materials
The preparations of F1-ATPase [26], b34ÿ156 [27],
and the F1 a⁄nity resin [18] have been described
previously. The mutant constructs b34ÿ156A128D,
b34ÿ156A132C, and b34ÿ156A128D/A132C were ex-
pressed from plasmids pSD154, pSD159, and
pSD160, respectively. High-speed supernatant solu-
tions were fractionated with ammonium sulfate.
The samples were further puri¢ed by anion-exchange
chromatography on DEAE-Sepharose, and size-ex-
clusion chromatography on Sephacryl S200 using
procedures described previously [27]. In some cases,
polypeptides carrying the A128D mutation were also
puri¢ed by cation-exchange chromatography on a
column of CM-Sepharose at pH 5.0.
2.2. Plasmid construction
The A128D mutation was introduced into the se-
quence encoding b34ÿ156 by polymerase chain reac-
tion mutagenesis using the template pDM3, which
carries a synthetic partial uncF gene encoding
b24ÿ156 [27]. The 3P-end of the gene was ampli¢ed
using the M13 universal primer and a synthetic prim-
er carrying the MscI restriction site and replacing the
alanine codon at position 128 with GAT, which en-
codes aspartate. The product was cut with MscI and
HindIII, and inserted into pSD124 [19] which had
been cut with the same enzymes, to yield pSD154,
which encodes b34ÿ156A128D.
The previously described A132C [27] mutation was
transferred into both pSD114 [27] and pSD154 using
Fig. 1. Domain model of the b subunit of ATP synthase. The
sequence of b is divided into four domains with boundaries at
the residues shown. TM denotes the transmembrane domain.
The position of residue Ala-128 in the C-terminal, N-binding
domain is indicated.
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restriction sites present in the synthetic sequence. The
resulting plasmids, pSD159 and pSD160, are identi-
cal to pSD114, except that pSD159 carries the
A132C mutation and pSD160 carries both the
A132C and the A128D mutations.
2.3. Other methods
Sodium dodecyl sulfate^polyacrylamide gel elec-
trophoresis (SDS^PAGE) was carried out as de-
scribed by Laemmli [28]. Protein concentrations
were determined using the method of Bradford [29].
F1 binding assays were carried out as described by
McLachlin et al. [18]. Electrospray mass spectrome-
try was carried out at the University of Waterloo
Biological Mass Spectrometry Laboratory, Waterloo,
Ontario.
Analytical ultracentrifugation studies were con-
ducted using a Beckman XL-A analytical ultracentri-
fuge. The solvent for most studies was Tris^EDTA^
NaCl bu¡er containing 50 mM Tris^HCl (pH 7.5),
100 mM NaCl, and 1 mM EDTA [19], but some
experiments used phosphate^sucrose^Mg2 bu¡er
which contained 86 g of sucrose per liter in 20 mM
MgSO4, 10 mM sodium phosphate, pH 7.0 [25]. Sol-
vent densities and partial speci¢c volumes were cal-
culated by standard methods. Sedimentation equilib-
rium studies utilized six-sector cells containing three
identical samples. Scans were taken at 280 nm and
equilibration was determined by comparing scans
taken at intervals of 2 h. The three data sets for
each sample were analyzed simultaneously using the
Multi¢t program provided by Beckman. For sedi-
mentation velocity studies, double sector cells were
used at a rotor speed of 60 000 rpm, and scans were
taken at intervals of 10 min. Data were analyzed
using the Svedberg program [30] and sobs were cor-
rected for viscosity and density to obtain s20;w.
Analysis of the potential to form disul¢de bonds
between introduced cysteine residues was carried out
by a modi¢cation of the Cu2 dialysis technique [27].
Initially, samples were fully reduced by treatment
with 2 mM dithiothreitol, then dialyzed at a concen-
tration of 0.5 mg per ml against bu¡er containing
100 mM Tris^HCl (pH 7.5), 100 mM NaCl, 10
mM cysteine, and 10 WM Cu2. Periodically, samples
were removed, treated with SDS sample bu¡er con-
taining excess N-ethylmaleimide to block free sulfhy-
drils and to fully denature the protein, then analyzed
by SDS^PAGE.
3. Results
3.1. Construction and con¢rmation of the A128D
mutation
Residue Ala-128 of the b sequence present in
b34ÿ156 was changed to aspartate by polymerase
chain reaction mutagenesis as described in Section
2. Both strands of the DNA encoding the mutant b
subunit were sequenced to ensure that this mutation,
and no other, was present. Both b34ÿ156A128D and
b34ÿ156 containing the wild-type sequence were ex-
pressed and puri¢ed by conventional methods. These
polypeptides have an N-terminal sequence (MSYW)
Table 1
Solution molecular weights determined by sedimentation equilibrium analytical ultracentrifugation
Bu¡er Temperature (‡C) Average molecular weight
b34ÿ156 b34ÿ156A128D
Tris^EDTA^NaCl 5 27 900 (26 700^28 900) 28 000 (27 200^28 700)
Tris^EDTA^NaCl 20 32 400 (31 100^33 700) 26 500 (25 900^27 100)
Tris^EDTA^NaCl 40 17 500 (16 700^18 300) 15 600 (15 100^16 100)
Phosphate^sucrose^Mg2 5 45 400 (43 600^47 100) 30 500 (29 100^31 800)
Sedimentation equilibrium ultracentrifugation was carried out in a Beckman XL-A instrument using six-sector cells as described in
Section 2. Initial protein concentrations were between 0.5 and 1 mg per ml. The samples in Tris^EDTA^NaCl bu¡er were equilibrated
sequentially at 5‡C, 20‡C, 40‡C, and 20‡C. The rotor speed was 24 000 rpm at 5‡C and 20‡C; it was increased to 30 000 rpm at 40‡C.
In a di¡erent experiment, the proteins were analyzed in phosphate^sucrose^Mg2 bu¡er at 5‡C using a rotor speed of 20 000 rpm.
For each set of conditions, three data sets for each sample were analyzed simultaneously to determine the best ¢t to a single compo-
nent model. Numbers in parentheses indicate the 95% con¢dence interval.
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preceding residues 34^156, providing optical absor-
bance at 280 nm [27]. The mass of the polypeptide
containing the A128D mutation was determined by
electrospray mass spectrometry to be 14 062.08, in
agreement with the expected mass of 14 062.35, as-
suming removal of the N-terminal methionine. The
measured mass of the wild-type b34ÿ156 was
14 017.88, again in accord with the expected value
of 14 018.35.
A sample of the preparation of b34ÿ156A128D used
in these studies was digested with trypsin and sub-
jected to detailed analysis. Electrospray mass spec-
trometry of the digest on a triple quadrupole mass
spectrometer (QUATTRO II, Micromass) revealed
the presence of a peptide with an m/z ratio of
1213.2, in good agreement with the value of 1214.4
expected for a peptide of sequence QVAILDVA-
GAEK, where the D in the sixth position would arise
from the A128D mutation. Other fragments included
mass at 544.4 (Leu-151^Leu-156), 674.5 (Asp-53^
Lys-58), 902.7 (Ser-84^Lys-91), 1058.9 (Glu-39^Arg-
49), 1313.4 (Ala-70^Lys-81), 1339.9 (Lys-122^Lys-
134), 1362.4 (Ser-139^Lys-151), and 1427.4 (Ile-
101^Arg-113). A peak at 832.4 probably represented
a blend of Ala-59^Lys-65 and Ala-92^Arg-98, which
di¡er in average mass by just 1 Da. Sequencing of
the 1213.2-Da peptide by tandem mass spectrometry
using a Micromass Q-Tof 2 instrument yielded a set
of y-series fragments at m/z as follows, with the in-
ferred residues: y11, 1085.7, Q; y10, 986.6, V; y9,
915.6, A; y8, 802.5, I/L; y7, 689.4, I/L; y6, 574.3,
D; y5, 475.3, V; y4, 404.2, A. Additional species
arising from internal fragmentations were also con-
sistent with the expected sequence. Together these
results unambiguously establish that the polypeptide
studied did, in fact, contain the A128D mutation.
3.2. E¡ect of the A128D mutation on the quaternary
structure of b34ÿ156
To determine if the A128D mutation a¡ected the
state of oligomerization of the cytoplasmic domain
of the b subunit, sedimentation equilibrium analyti-
cal ultracentrifugation was carried out on both wild-
type b34ÿ156 and the A128D mutant protein. In the
¢rst set of studies, the 14-kDa polypeptides were
equilibrated with the standard bu¡er containing 50
mM Tris^HCl (pH 7.5), 100 mM NaCl, and 1 mM
EDTA. The samples were sedimented ¢rst at 5‡C,
then 20‡C, then at 40‡C, and ¢nally returned to
20‡C. After equilibration at each temperature, tripli-
cate data sets were analyzed simultaneously for the
best ¢t to a single species (Table 1). Given the mass
of the polypeptide, a perfect dimer would have a
molecular weight of just over 28 000. As shown pre-
viously [19], the wild-type polypeptide existed essen-
tially as a dimer at 5‡C, a dimer with a slight ten-
dency to aggregate at 20‡C, and primarily as a
monomer at 40‡C. The A128D mutant was essen-
tially dimeric at 5‡C and 20‡C, and mostly mono-
meric at 40‡C. At the end of the run, the proteins
were again equilibrated at 20‡C, giving molecular
weights of 29 500 and 25 400 for the wild-type and
mutant forms, respectively. These results indicate
that the A128D mutation had little e¡ect on the ex-
istence or reversibility of the monomer^dimer equi-
librium previously characterized for the wild-type se-
quence.
Since this conclusion is in disagreement with re-
sults published from another laboratory [25], we
also carried out sedimentation equilibrium under
their conditions, which employed a phosphate^su-
crose^Mg2 bu¡er at 5‡C. As can be seen from Table
1, under these conditions the wild-type protein ex-
hibited an apparent molecular weight of about
45 000, indicating aggregation to higher order spe-
cies. In contrast, the A128D mutant gave a molecu-
lar weight of 30 500, a value close to that expected
for a dimer.
3.3. The A128D mutation prevents binding to
F1-ATPase
The bA128D mutation causes an assembly defect
in ATP synthase [25], but the mechanism of the de-
fect is uncertain. Since the results presented above
indicated that dimerization of b was unimpaired, it
was important to determine if the interaction with
previously assembled F1-ATPase was altered. A pre-
viously developed assay for the interaction of b with
F1-ATPase tests the ability of an added, soluble form
of b to compete for binding F1 in solution with an
a⁄nity resin containing normal b coupled to agarose
beads [18]. As seen in Fig. 2, soluble wild-type b34ÿ156
competed e¡ectively with the immobilized b, prevent-
ing most of the F1 from binding to the resin at a
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dimer concentration of 1 WM, and blocking it en-
tirely at a dimer concentration of 10 WM. In contrast,
even at 10 WM, the A128D form of the b polypeptide
was unable to reduce binding of F1 to the resin,
indicating that the interaction of the mutant protein
with F1 is drastically impaired.
3.4. The A128D mutation causes a conformational
change in the C-terminal domain
The loss of F1 binding in the A128D mutant could
be due to the addition of charged groups to the b2^
F1 interface or else to a change in conformation in
the C-terminal region. The latter possibility was
tested by sedimentation velocity analytical ultracen-
trifugation. At 20‡C the soluble domain of b exists as
a highly elongated dimer, with a sedimentation coef-
¢cient of about 1.7 and a frictional ratio of about 1.9
[16,19,27]. We have previously reported that trunca-
tion of the C-terminus of b by four residues causes
both the loss of interaction with N and a decrease in
the sedimentation coe⁄cient of b2 [18]. A similar
decrease in sedimentation coe⁄cient of the entire cy-
toplasmic region of b has been seen at 5‡C [19]. Be-
cause of the role of the C-terminal domain of b in
binding to N, these hydrodynamic changes have been
interpreted as re£ecting the unfolding of a C-terminal
domain.
To examine the possibility that a similar confor-
mational change was induced by the A128D muta-
tion, sedimentation velocity analysis of both the
wild-type b34ÿ156 and the mutant form was carried
out at 5‡C and 20‡C. The derived sedimentation co-
e⁄cients from both temperatures were corrected for
the e¡ects of viscosity and density to obtain the s20;w
values presented in Table 2. At 20‡C, the A128D
mutant protein sedimented at 1.54 S, 12% more
slowly than the wild-type protein which sedimented
at 1.76 S, indicating that the A128D mutation con-
ferred a more extended conformation on the protein.
Furthermore, the lower sedimentation coe⁄cient of
the mutant was virtually the same as those exhibited
by both normal and mutant proteins at 5‡C. These
results support the idea that the A128D mutation
and cold temperature induce similar changes in the
conformation of the b subunit dimer.
Previous work from this laboratory has demon-
strated that cysteine residues introduced into posi-
tions 124, 128 or 132 of the b sequence have a strong
tendency to form intersubunit disul¢de bonds, while
positions 126 and 130 have a notably reduced poten-
tial for disul¢de formation [27]. These results were
interpreted to mean that in this region the two sub-
units form a parallel helical structure with the surfa-
ces of the helices presenting the sidechains of residues
124, 128, and 132 in close proximity. To gain insight
Table 2
Sedimentation velocity analysis of the A128D mutation
Polypeptide s20;w (S)
5‡C 20‡C
b34ÿ156 1.54 þ 0.02 1.76 þ 0.01
b34ÿ156A128D 1.51 þ 0.01 1.54 þ 0.01
Sedimentation velocity ultracentrifugation was carried out in a
Beckman XL-A instrument using double sector cells as de-
scribed in Section 2. Initial protein concentrations were 1 mg
per ml in Tris^EDTA^NaCl bu¡er; the experiment was carried
out in triplicate at each temperature. Observed sedimentation
coe⁄cients were corrected for viscosity and density to obtain
the values for s20;w. The mean and standard error of three de-
terminations are shown.
Fig. 2. The bA128D mutation prevents binding to F1-ATPase.
The ability of b34ÿ156A128D to bind to F1-ATPase was mea-
sured using the a⁄nity resin assay described previously [18].
Brie£y, the a⁄nity resin containing covalently bound b subunit
was incubated with F1-ATPase, sedimented, and the bound pro-
teins were extracted from the resin with SDS and analyzed by
SDS^PAGE. Soluble b34ÿ156 or the mutant containing the
A128D mutation were included in the incubations at the con-
centrations indicated to test their abilities to prevent binding of
F1 to the resin through competition. Bovine serum albumin was
included in all incubations to provide an indicator of trapped
volume. The asterisk marks a sample in which control resin,
lacking the b subunit, was used.
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into the structural change in the C-terminal domain,
we asked if the A128D mutation a¡ected the poten-
tial for disul¢de formation between cysteines intro-
duced at the nearby 132 position. In the procedure
used, the b34ÿ156 constructs containing either the
A132C mutation or both the A128D and the
A132C mutations were dialyzed against a solution
containing 10 WM Cu2 and 10 mM cysteine [27].
Oxidation of the cysteinyl residues of the polypep-
tides can therefore result in the formation of either
b^b or else a mixed disul¢de with a free cysteine
molecule from the solution. The former would be
favored if the cysteinyl residues of the interacting b
subunits are very close together and positioned prop-
erly; otherwise the mixed disul¢de, which will mi-
grate on SDS^PAGE like the monomer, will be
formed preferentially.
As can be seen in Fig. 3, the form of b containing
only the A132C mutation formed intersubunit disul-
¢des rapidly and to near completion; after only 15
min exposure to the Cu2, most of the polypeptide
migrated at the slower rate indicative of the linked
dimer. In comparison, the mutant form also contain-
ing the A128D mutation formed the intersubunit di-
sul¢de substantially more slowly, with not more than
50% of the material in the b^b form after 1 h. After
24 h, however, most of the b34ÿ156A128D/A132C
polypeptide did migrate as b^b (data not shown).
The slower formation of b^b con¢rms that the
A128D mutation does a¡ect the conformation of
residues in the C-terminal domain of the protein.
4. Discussion
Hydrodynamic analyses of truncation mutants of
the b subunit have suggested to us that the subunit
may be divided into four domains as shown in Fig. 1,
with the dimerization domain extending from about
residue 53 to residue 122 [19]. This assignment has
signi¢cance because of the di¡erent functions that
might be proposed for the various domains. How-
ever, the assignment appears to disagree with the
previous report that mutation of a residue lying out-
side this range (bA128D) caused the expressed solu-
ble domain to become monomeric [25]. Resolving
this con£ict required a re-examination of the e¡ects
of the mutation on the structure and function of the
b subunit. This work has led to a number of obser-
vations that are strongly supportive of our earlier
domain assignment.
In our hands the A128D mutation had little e¡ect
on the state of dimerization of b in the context of the
b34ÿ156 construct (Table 1). The reason for the dis-
crepancy between our results and those of Howitt et
al. [25] is not obvious. In both cases molecular
weights were determined by sedimentation equilibri-
um. Using the phosphate^sucrose^Mg2 bu¡er [25],
we did ¢nd a di¡erence in molecular weight depen-
dent on the A128D mutation, but this change was in
the tendency to form aggregates higher than dimers,
rather than in dimer formation. The critical factor in
this aggregation is probably the presence of Mg2, as
we have observed that addition of this cation fosters
aggregation in other bu¡ers as well (S.D. Dunn, un-
published data.) Other di¡erences between the stud-
ies include that the polypeptide used by Howitt and
co-workers was cleaved from a glutathione-S-trans-
ferase fusion protein by thrombin, that its b sequence
began at residue Leu-29 rather than Glu-34, and that
because no aromatic amino acid residues were
present in the sequence, the distribution of protein
in the ultracentrifuge was determined by scanning at
230 nm rather than 280 nm.
At 20‡C the A128D form displays a lower sedi-
mentation coe⁄cient (1.54 S) than the wild-type se-
quence (1.76 S). The similarity of this e¡ect to those
Fig. 3. The e¡ect of the A128D mutation on formation of di-
sul¢des through the A132C position. Samples of b34ÿ156A132C
and b34ÿ156A128D/A132C were dialyzed at 22‡C against bu¡er
containing 10 WM Cu2 and 10 mM free cysteine as described
in Section 2. Samples taken either immediately, or after the in-
dicated times, were analyzed by SDS^PAGE to determine the
extent of disul¢de-linked b^b.
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of a four-residue C-terminal truncation [18], or of
cold temperature [19] implies that all of these muta-
tions or conditions cause surprisingly similar e¡ects
on the overall structure of the b subunit dimer. The
slower sedimentation rate is indicative of a more ex-
tended conformation, as would be obtained if a glob-
ular domain were unfolded. Since dimerization is lit-
tle a¡ected by either of these mutations or the cold
temperature, the conformational change appears to
limited to the C-terminal domain. A change in struc-
ture of this domain is further supported by the e¡ect
of the A128D mutation on the rate of formation of
disul¢des at position 132.
The hydrodynamic properties of the dimerization
domain, contained within residues 53^122, imply a
shape consistent with a two-stranded coiled coil
[19]. In contrast the C-terminal domain, containing
residues 123^156 must be more globular, and possi-
bly folded back to some degree. The potential of the
folded C-terminal domain to mediate aggregation
suggests that some portion of its surface is hydro-
phobic; these hydrophobic regions may be key in
mediating the binding to N and the remainder of F1.
In conclusion, work presented here reveals that the
A128D mutation causes both an altered structure in
the C-terminal region and a loss of ability to bind to
F1, while not a¡ecting the dimeric nature of b. While
previous work has shown that the C-terminal resi-
dues of the subunit are close to N and are probably
directly involved in the intersubunit interaction [18],
the current results reinforce the importance of the
folded structure of the C-terminal domain of b for
the interaction with F1.
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